Introduction
Steel continuous casting is an important part in steel production and the continuous casting ratio has steadily increased, exceeding 90% in the 2000s.
1) The presence of internal cracks in thick slabs is a critical defect during continuous casting, on account of these cracks will reduce product quality and affect the subsequent rolling process. 2) Owing to the advancement of the understanding in steel solidification phenomena, steel structure, and strand behavior in the casting machine, caster profiles have been improved from simple vertical type to vertical and bending after complete solidification to curved mold and solid or liquid core unbending to vertical mold multi-point progressive bending and straightening with liquid core. 1) It had been reported that the internal cracks are resulted from the excessive tensile strains produced by means of straightening at the solidifying front of the slab. 3, 4) Pascon et al. and Pascon and Habraken had done some research works on the risk of transverse cracking during bending and straightening of steel slabs. 5, 6) They indicated that Transverse cracks were most likely to occur at the edge on the upper face, at the end of straightening of the slab. This is due to the com-
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bination of low ductility of the material with tensile stress and elongation in the casting direction in the straightening zone. Li et al. had done researches about the formation of internal cracks in the bloom. 7) They assumed that it is closely related to the deformation in the mushy zone, and When the equivalent plastic strain is larger than the critical strain and the equivalent von Mises stress exceeds the critical fracture stress during solidification, internal cracks will appear. Han et al. established a strain analysis model to study the effects of the strain status at solidifying front and the chemical composition of liquid steel on the internal cracks. The internal cracks were predicted by comparing the strain state at the solidifying front with experimental data based critical strains. 8, 9) Wang et al. had done analysis on the formation of internal cracks in continuous casting slabs. They concluded that the corresponding strain in the arc and horizontal segments does not exceed this critical value, so the solidification front in the straightening segments would be much easy to crack. 10) These reaches indicated that it was necessary to reduce the strain and strain rate of the slab caused by bending and straightening at solid/liquid interface against internal cracks.
Usually it is said that creep behavior of steel is appreciable only at the temperature above forty percent of melting temperature.
11) Hence the slab shows strong creep characteristics in present steel continuous casting production.
Various researchers have investigated the effect of creep characteristics in the deformation processes of continuous casting slabs. In the earlier years, Grill and Schwerdtfeger developed an elastic and creep model for the prediction of bulging.
12) The slab was considered as a bi-dimensional model because the restraining effect of the narrow face on the slab was neglected. Okamura and Kawashima presented a three-dimensional elastic-plastic and creep finite element model to predict the restraining effect of the narrow face on the bulging. 13) On account of creep deformation, they concluded that the restraining effect could be neglected when the critical width to length ratio was above 3. In recent years, all kinds of modified model were proposed based on elastic-visco-plastic model. Bellet and Heinrich presented a global non steady-state approach to analyze global stressstrain of steel all along the continuous casting machine. 14) They stated that elastic-visco-plastic models which included strain rate sensitivity at high temperature gave a better response than elastic-plastic models. Fachinotti and Cardona had done some research works on the great influence of the strain rate on the behavior of steel at elevated temperature. Different material models of steel at high temperature had been analyzed and compared. It could be found that ratedependent visco-plastic models allowed this phenomenon that hardening had been observed in all their experimental results should be preferred. Koric and Thomas studied two thermo-mechanical models based on different elastic-viscoplastic constitutive laws are applied to simulate temperature and stress development of a slice through the solidifying shell of 0.27%C steel in a continuous casting mold under typical commercial operating conditions with realistic temperature dependant properties. 15) Li and Thomas developed an elastic-visco-plastic creep constitutive equation to simulate temperature, stress, and shape development during the continuous casting of steel, both in and below the mold. 16) It was concluded by them that inelastic strain included both strain-rate independent plasticity and time dependent creep. Creep was significant at the high temperatures of this process and was indistinguishable from plastic strain. These researches indicated that high temperature creep of the steel had significant influence on the deforming of the slab, which could not be overlooked in straightening and bending process. However, there is hardly any literature about deformation of continuous casting slab by full using of high-temperature creep behavior.
Based on the elastic-plastic theory, when a material is stressed within the elastic limit, a permanent deformation will not result. However, at the high temperatures the material is stressed less than yield strength will also result in a permanent deformation and there is only creep strain and no plastic strain in this deformation. Therefore, an attempt has been made here to illustrate the positive effects of hightemperature creep behavior on straightening technology of steel continuous casting. A new creep straightening curve which maximize the use of the high-temperature creep deformation during the slab straightening and bending process is proposed in this paper. Continuous casting slab is straightened by means of creep strain so as to reduce the straightening strain and strain rate substantially. Internal cracks can be avoided effectively and the productivity of the caster can be increased significantly.
Mathematical Model
Since the restraining effect of narrow face on the thick slab cannot be neglected, the neutral axis is assumed to be at the center of the slab. Therefore, the tensile strain at the solidifying front caused by bending and straightening can be calculated using Eq. (1). 9, 17, 18) ε δ
Where D is slab thickness, δ is the solidified shell thickness, k i and k i + 1 are the curvature of the starting point and the end point of straightening curve. The strain in some fibre at the distance from the solidifying front can be calculated using Eq. (2).
Where h is the distance from the solidifying front. As for continuous straightening curves, the curvature changes consecutively along the arc length. Thus, when the distance between any two adjacent straightening points tends to be infinitesimal, the strain at the point can be taken differentiate relative to arc length. The value of differentiate is the strain rate at the point relative to arc length. In the present work, V c which stands for withdraw speed is considered as a constant at the steady casting state. Therefore, the strain rate in some distance from the solidifying front can be expressed as Eq. (3).
Where k′(s) is the changing rate of curvature. From Eq. (3), it can be concluded that only the slab traverses through a path where there is a change of radius, the strain caused by straightening exists. There is no deformation in the basic arc segment of casting machine. The basic arc segment is cancelled so that length of the straightening area can be extended and time of creep behavior can be increased significantly. In addition, the curvature of straightening segment is changed so slowly that straightening strain rate can be reduced substantially. When the strain rate is reduced to be less than creep strain rate under yield strength at the same temperature, the slab can be straightened only by creep deformation.
Parameters of Creep Straightening Curve
As for continuous straightening, Li, Man and Li, Man et al. studied the high temperature character in continuous straightening process and proposed a late-model continuous straightening curve with two continuous straightening areas. [19] [20] [21] In this paper, vertical-arc continuous casting that consists of vertical segment, bending segment, basic arc segment, straightening segment and horizon segment is considered. As for vertical-arc continuous casting curve, some key points need to pay more attention as follows:
(1) Bending segment curve is tangent to vertical line and straightening segment curve is tangent to horizon line. Due to cancel the basic segment, the slope of bending segment curve is equal to the straightening segment curve at the intersection.
(2) Different curves that curvature of bending segment curve is changed rapidly than straightening segment are designed. Because creep strain rate is faster at the higher temperature.
(3) Making the curvature of straightening segment changes as slow as possible so that the strain rate can be reduced less than creep strain rate under yield strength at the same temperature.
Bending Segment Curve Function
A function that the changing rate of curvature varies sinusoidally with arc length is presented for bending segment in this work. The changing rate of curvature in the bending segment can be express by Eq. (4). 
Where α(s) is the angle of rotation in the curve relative to arc length, C 1 is the integration constant. A 1 , B 1 and C 1 can be calculated by means of following boudary conditions so as to connect vertical segment and straightening segment smoothly. The function of the bending segment curve can be expressed by Eq. (8).
Straightening Segment Curve Function
A quintic polynomial without even numbers in exponents curvature function relative to arc length is proposed for straightening segment. Where k 2 (s) is the curvature of straightening segment, s is the arc length, A 2 , B 2 and C 2 are undetermined coefficients. In order to connect horizontal segment and bending segment smoothly, the same as boundary condition of bending segment is applied to the straightening segment. The beginning point of the curve is at the intersection between straightening and horizontal segments. Equation (10) is constructed to satisfy this boundary condition.
Where L 2 is the arc length of the straightening segment, μ(s − L 2 /2) is a quintic polynomial function without even numbers in exponents as Eq. (11). Where a, b and c are undetermined coefficients, x is used
, Substituting Eqs. (16) and (11) into Eq. (10) and the function of the straightening segment curve can be presented by Eq. (17) . It is noteworthy that the curvature functions of bending and straightening segments are proposed in different coordinate systems. One of independent coordinate systems must be transited and rotated before curves of bending and straightening segments are connected smoothly. Make sure that the slope of bending segment curve is equal to the straightening segment curve at the intersection in the same coordinate systems. Since the slope can be calculated by curvature radius and arc length, the curve of continuous casting machine is only determined finally by the parameters of R and L 1 or L 2 in Eqs. (8) and (17).
Example of Creep Straightening Curve
In this paper, the R9300 vertical-arc slab casting machine of one steel mill is considered. Five-point bending and five-point straightening following the straight section are used. There is a long basic arc segment between bending and straightening segments. Its main paremeters are shown in Table 1 .
Generally speaking, basic arc radius of casting machine is determined by empirical Eq. (18 Where D is slab maximum thickness, ε 0 is critical strain on the upper face of slab with the range from 1.5% to 2%. When the slab thickness is 230 mm, critical strain is 1.5%, radius of slab casting machine should be above 7 666 mm. As for creep straightening casting curve, basic arc segment was cancelled so that the curvature radius of connecting point between bending and straightening segment must be above 7 666 mm.The height of casting machine would rise up with increasing the curvature radius of connecting point and the strain rate would improve with decreasing the curvature radius of connecting point. Based on parameters of R9300 casting machine, curvature radius of connecting point between bending and straightening segment should be 9 000 mm so as to minimize the change of origin R9300 casting machine. Relationship of multi-parameters on continuous casting machine of new creep straightening casting curve are shown from Fig. 1 .
It can be concluded that the arc length of bending segment is close to 8 000 mm and the height of the creep straightening casting machine could be minimum, when the curvature radius of connecting point is 9 000 mm from Fig. 2 .
The slope of tangent line in one point of curve can be calculated by Eq. (19) .
Where K is the slop, α is the angle of rotation in the curve relative to arc length, k is the curvature. Taken the integral for arc length to Eq. (8) . The slopes of bending and straightening segment can be expressed by Eq. (20) . The slope can be calculated to be 0.0155 in the X′O′Y′ coordinate system at the end of bending segment by Eq. (20) , when arc length of bending segment is 8 000 mm and the curvature radius of connecting point is 9 000 mm. In order to connect bending and straightening segment smoothly, the relationship of α 1 and α 2 can be expressed as follow in the same coordinate system. (21) Thus, in the same XOY coordinate system, the slop at the intersection between bending and straightening curves is shown by Eq. (22) .
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The arc length of straightening segment is 12 274 mm so as that the slope of bending segment curve is equal to the straightening segment curve at the intersection in the same coordinate systems. Equations of bending and straightening segments can be expressed with the determination of L 1 , L 2 and R.
Bending segment, Curves of vertical, bending, straightening and horizontal segments are connected smoothly and the eventural creep straightening curve is shown by Fig. 3 . Parameters of new creep straightening casting are shown in Table 1 too. With the top of mold as a common starting point, curves of R9300 casting machine and creep straighteing casting machine are drawn in the same coordinate system by auto-cad software in Fig. 4 , according to the parameters of two curves in Table 1 . It is clear that the height of new creep straightening casting curve is 313.85 mm lower than the R9300 casting machine From Fig. 4 .
It is neccessary to confirm the location of the solidifying front so as to calculate the strain rate accurately at the distance from solidifying front. A bi-dimensional finite element model with half of transversal section in the slab is developed as shown in Fig. 5 by the method of inhomogeneous meshing.
The secondary cooling schedule listed in Table 2 same as R9300 casting machine is applied to this model. The coefficient of heat transfer between water and surface of slab can be calculated by empirical Eq. (25) based on the Where H is the coefficient of heat transfer, T W is the temperature of water flow, W is the density of water flow rate. Central segregation and heat transfer along the slab mov- Poisson's ratio 0.3 Table 3 . Chemical composition of Q345c. ing are neglected in this paper. Q345c steel is considered in present work. The chemical composition of this steel is given in Table 3 . The shell thickness is given in Fig. 6 with the casting condition listed in Table 4 .
It is easy to obtain the distance from solidifying front at any temperature using the same method. In general, the temperature of surface on slabs can be above 1 000°C, when slabs are straightened. Cracks caused by straightening may occur at one location inner the slab. Thus, the location at 1 200°C inner the slab is considered in this paper. It is clear that h 1 200 standing for the distance from solidifying front at 1 200°C in one location of straightening segment is shown from Table 5 . Table 5 shows the strain rate and changing 1 000 2 000 3 000 4 000 5 000 6 000 7 000 8 000 9 000 10 000 11 000 12 000 . It can be concluded that due to the more lower strain rate, internal cracks caused by straightening Fig. 9 . Relation between creep strain, creep strain rate and time. Fig. 7 . Uniaxial tensile specimen. could be effectively avoided, and it is important to improve the quality of the slab.
Experiment of Creep Strain Rate
Uniaxial tensile tests of Q345c by constant strain rate and constant load are carried out separatedly on Gleeble-3800 machine. In order to simulate continuous casting, the heating rate was 10°C s − 1 to 1 320°C and holding the temperature for 2 minutes. Controlled cooling rate to the tensile test temperature was 3°C s − 1 and holding time the temperature before tensile testing is 3 minutes. 23, 24) The specimens in10 mm diameter by 120 mm long threaded at both ends as shown Fig. 7 were submitted to 0.01 s − 1 constant strain rate tensile tests at temperatures of 1 200°C in Gleeble-3800 machine. According to the true stress-strain experimental data, numerical data of 0.2 offset yield strength of Q345c steel at temperatures of 1 200°C are given in Fig. 8 .
The schematic thermal cycle the same as the heating ductility is used to carry out the creep tensile test. Constant load tensile tests under 1 100 N corresponding to stress about 14 MPa less than yield strength 16.12 MPa at 1 200°C are carried out by using of the same specimens in Gleeble-3800 machine. According to the casting speed and metallurgical length in the R9300 casting machine, time of creep tensile test is considered as 1 200 second. Figure 9 shows creep strain curve consisted of three stages, and that primary, secondary and tertiary. Firstly there is a relatively short initial period in which the creep strain increases at variable rate. And then there is long period with the creep strain increasing at constant rate. Lastly creep strain increases rapidly and fracture occurs. It can be seen that the minimum creep strain rate under 14 MPa is 7.45 × 10 − 5 s − 1 from Fig. 9 .
The yield strength is 16. , when the temperature is 1 200°C. It can be concluded that the strain rate in slab of straightening area is less than creep strain rate under yield strength at 1 200°C in the new creep straightening curve from Fig. 10 . There are only creep deformation in these locations of slab, when the temperature is 1 200°C. Thus, some areas in the slab can be straightened only by high-temperature creep behavior.
Conclusion
A new creep straightening casting curve full using of high-temperature creep behavior is proposed in this paper. The basic arc segment is cancelled in the new curve so that length of the straightening area can be extended and time of creep behavior can be increased significantly based on the R9300 vertical-arc continuous casting machine. The curvature of bending segment curve is changed rapidly than straightening segment in the creep straightening curve. In addition, the height of new creep straightening casting curve is 313.85 mm lower than the R9300 casting machine.
The distance from solidifying front in the slab at 1 200°C is calculated by finite element method. Strain rate located in the slab of straightening segment at 1 200°C is confirmed and creep strain rate less than yield strength at 1 200°C is obtained by means of uniaxial tensile tests of Q345c. It can be concluded that the strain rate in slab of straightening area is less than creep strain rate under yield strength at 1 200°C in the new creep straightening curve. The new creep straightening technology can make strain rate below creep strain rate so that deformation of slabs depended on creep behavior only comes true. Continuous casting slab was straightened by means of creep strain so as to reduce the straightening strain and strain rate substantially. Internal cracks caused by straightening could be effectively avoided, and it is important to improve the quality of the slab. It is helpful for the design of the new casting machine and improvement of old casting machine depended on high temperature creep property.
